ABSTRACT Cytosine hydroxymethylation is an epigenetic control factor in higher organisms. New discoveries of the biological roles of hydroxymethylation serve to raise questions about how this epigenetic modification exerts its functions and how organisms discriminate cytosine hydroxymethylation from methylation. Here, we report investigations that reveal an effect of cytosine hydroxymethylation on mechanical properties of DNA under load. The findings are based on molecular force assay measurements and steered molecular dynamics simulations. Molecular force assay experiments identified significant effects of hydroxymethylation on stretching-induced strand separation; the underlying physical mechanism has been revealed by steered molecular dynamics simulations. We find that hydroxymethylation can either upregulate or downregulate DNA's strand separation propensity, suggesting that hydroxymethylation can control gene expression by facilitating or obstructing the action of transcription machinery or the access to chromosomal DNA.
INTRODUCTION
Genetic information, which determines the development of an organism, is encoded in the DNA sequence. Many studies showed that so-called epigenetic mechanisms such as DNA methylation and histone deacetylation change gene expression in the cell. Additional information may thus be stored and read without altering the DNA sequence (1, 2) . DNA methylation is found to exist widely in the CpG sites (where a cytosine base exists next to guanine base), and it plays an important role in silencing genes by impeding transcription factors (3) (4) (5) . DNA methylation arises also in noncoding regions of DNA and is linked to gene control at the chromosomal level (6) . Cytosine hydroxymethylation was recently discovered as another important epigenetic modification on DNA in mammalian cells (7, 8) . Similar to methylation, hydroxymethylation replaces, at the C5 position in cytosine, the hydrogen atom by a hydroxymethyl group. It has been demonstrated that cytosine hydroxymethylation is also involved in gene regulation (7) (8) (9) (10) . For example, the hydroxymethylation level has been found to be associated with pluripotency of stem cells (7) . Disturbed hydroxymethylation of DNA cytosine can result in disordered cell functions, causing different types of cancers, e.g., myeloid cancers (11) .
Prior studies suggest that hydroxymethylated cytosine is an intermediate in a pathway of DNA demethylation in the mammalian zygote (12) , or even may be the final product of genome-wide demethylation (13) . Recently, the TET (ten-eleven translocation) proteins were identified as converting methylcytosine to hydroxymethylcytosine in stem cells, inducing active demethylation (7, 14, 15) . Although many studies could identify the biological roles of DNA hydroxymethylation, the mechanisms explaining how these roles come about are still unclear. Unlike DNA methylation, to our knowledge, no protein has been found yet that binds to hydroxymethylation sites on DNA to, thereby, possibly influence gene expression. It is speculated that DNA hydroxymethylation excludes the binding of methylcytosine-binding proteins to influence gene activities associated with DNA methylation (16, 17) .
Cytosine hydroxymethylation was observed to be a stable DNA modification in mammalian tissues and relatively abundant in the central nervous system (9, (18) (19) (20) . Some groups have quantified the amount of hydroxymethylated cytosines in some mammalian tissues (9, 19, 21) , but the specific positions of hydroxymethylated cytosines are still unknown. The technical challenge of discrimination of methylated cytosine and hydroxymethylated cytosine is due to the similarity between them. Wanunu et al. (22) utilized solid-state nanopores to discriminate methylcytosine from hydroxymethylcytosine in DNA molecules, suggesting that hydroxymethylation may affect the flexibility and stability of DNA duplexes differently than methylation does.
Prior studies have shown that methylation has only a small effect on DNA melting temperature, while the shape of the melting curve of DNA changes more significantly (23, 24) . These results indicate that methylation leaves DNA thermodynamic stability nearly unaltered, but alters DNA mechanical cooperativity. In the case of hydroxymethylation, one expects similar effects.
In the cell, DNA is involved in many mechanical processes, in which molecular machines exert mechanical forces on DNA (25, 26) . For example, RNA polymerase promotes DNA strand separation to access genetic information stored in the DNA sequence (27) . In addition, protein binding usually induces local DNA deformation, such as elongation, twist and bend; sometimes it even causes strand separation at the binding site (28, 29) . Hence, a change of the mechanical stability of DNA could alter (facilitate or inhibit) a related biological process. Chemical modifications on DNA, e.g., methylation and hydroxymethylation, may change the mechanical properties of DNA and, thereby, affect gene expression. Recent studies showed that DNA methylation, in particular, affects alternative splicing (an important regulatory mechanism of gene expression to generate protein diversity), possibly by changing elongation rates of RNA polymerase (15, 30, 31) . Indeed, we have demonstrated in a recent experimentalcomputational study (32) that methylation influences double-stranded DNA's propensity for strand separation, which might contribute to epigenetic regulation in cells. Because DNA replication and transcription all involve strand separation, an in-depth characterization of hydroxymethylation effects on strand separation of DNA should be critical for a better understanding of epigenetic mechanisms.
In this study, we investigated the effect of hydroxymethylation on mechanical properties of DNA using molecular force assay (MFA) and molecular dynamics (MD) simulation. MFA measurements were conducted to compare the stabilities of different hydroxymethylated DNA duplexes when stretched in zipper and shear geometry. DNA exhibits different stabilities in the two pulling geometries. It is observed that DNA with more hydroxymethylcytosine (hmC) sites is more stable than DNA with fewer hmC sites, when it is pulled in zipper geometry; in the case of shear geometry pulling, the stability of DNA not only associates with the number of hmC sites, but also their positions and context, giving rise to a possible environmental effect. MD simulations provide a detailed description of the pathway of DNA separation stretched in zipper and shear geometry.
MATERIALS AND METHODS

MFA-chip and PDMS-stamp
The molecular setup of the MFA, shown in Fig. 1 , has been assembled as described previously except for some modifications (32, 33) . A molecular force probe (MFP) consists of DNA oligomers labeled 1 and 2, which form the bottom duplex, and oligomers 2 and 3, which form the top duplex.
The MFPs are built up on the bottom surface (MFA-chip) as follows: DNA oligomer 1 is amine-modified for covalent linkage to aldehyde-functionalized glass slides. Approximately 10 4 duplicates of MFPs are built up in parallel per mm
2
. The experiments are conducted for three hydroxymethylation levels with the bottom duplex 1 2, containing zero, one, or three 5-hydroxymethylcytosine (hmC) per strand. Depending on the direction of the DNA sequences employed, the MFPs are realized in zipper (Fig. 1 a) or shear geometry (Fig. 1 b) . Artifacts in the force measurements, which could be caused by structural changes of the DNA duplex or unwanted hybridizations of the strands, are kept to a minimum by using a well-characterized DNA sequence with minimal self-complementarity and, hence, minimal hairpin-formation (34) .
The second part of the MFA is the top surface of the chip. The top surface is a polydimethylsiloxane (PDMS) stamp, fabricated and functionalized as described previously (35, 36) . DNA oligomer 3 is biotinylated and forms a link to the stamp upon contact. The sequences of the DNA oligomers are provided in the Supporting Material. All experiments are carried out in 1 Â phosphate buffered saline at room temperature.
MFA contact process, readout, and analysis
A detailed description of the measurement process can be found in a previous article (33) . In brief, a fluorescence microscope is combined with a custom-built contact device. The contact device controls the distance between PDMS-stamp and MFA-chip via a closed-loop piezoelectric actuator.
To begin, the MFA-chip and the soft PDMS-stamp are separated and the fluorescence signal of the MFA-chip is measured twice: First, Cy5 is excited and the fluorescence signal ðF A A Þ is measured. Second, Cy3 is excited and the fluorescence signal ðF A D Þ of Cy5 is measured (the fluorophores Cy3 and Cy5 form a FRET pair due to their close proximity). Then, the stamp is lowered until both surfaces are brought into contact, allowing the connection of strand 3 of the MFPs to the streptavidin on the top surface via biotin streptavidin complexation (Fig. 1 ). To achieve a sufficient level of MFPs that couple to the PDMS-stamp, the contact is Each MFP is comprised of DNA strands 1, 2 and 3, which form two DNA duplexes that are coupled in series. DNA strand 1 is anchored to the substrate (lower surface) and strand 3 is modified with a biotin for coupling to streptavidin on the PDMS-stamp (upper surface). The target duplex 1 , 2 exhibits three different variants with none (nDNA), one (hmC-1-DNA), or three (hmC-3-DNA) 5-hydroxymethylated CpG steps, while the reference duplex 2 , 3 is the same for all three cases. Furthermore, DNA strand 2 carries a Cy5 (red) and strand 3 a Cy3 (green) fluorescent marker. Depending on the sequences of the DNA strands, the DNA duplexes are oriented such that they are loaded in shear or zipper geometry as shown in panels a and b.
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where ðF A A=D Þ ratio is the background-and bleaching-corrected F A A=D fluorescence image (after separation) divided by the background-and bleachingcorrected F A A=D image (before contact). The NF is interpreted as the ratio between broken reference bonds (2 , 3) and total amount of MFPs that have been under load. The NF reflects the relative mechanical stability between the target duplex 1 , 2 and the reference duplex 2 , 3 of a MFP. Higher values for the NF denote an increased mechanical stability of the target duplex over the reference duplex and an NF value of 0.5 represents equally stable duplexes.
Molecular dynamics simulations
Oligonucleotides employed in the MD simulations were all of the same sequence (CGTTGGTGCGGATATCTCGG) and involved the same hydroxymethylation pattern, namely nDNA, hmC-1-DNA, and hmC-3-DNA, as used in the experiments. A double-stranded helix of nDNA was built with the program X3DNA (37); hmC-1-DNA and hmC-3-DNA were obtained through mutating cytosines in CpG steps to hydroxymethylcytosines. The topology of DNA along with the missing hydrogen atoms were generated using the psfgen plug-in of the program VMD (38) with a topology file corresponding to the CHARMM27 force field (39) . Each DNA was placed in a water box with 0.1 mol/l KCl added. In shear geometry stretching simulations, the size of the water box was 61 Å Â 61 Å Â 275 Å ; in unzipping geometry simulations, the size of the water box was 240 Å Â 61 Å Â 61 Å . The total size of the simulated systems was in the 100,000-150,000 atom range.
Simulations were performed using the program NAMD 2.7 (40) with the CHARMM27 force field for DNA (39) and the TIP3P water model (41) . Periodic boundary conditions were assumed and the particle-mesh Ewald summation method was employed for evaluating Coulomb forces. The van der Waals energy was calculated using a smooth cutoff of 12 Å . The integration time step was 1 fs. The temperature was kept at 295 K by applying Langevin forces with a damping coefficient of 0.1 ps À1 (42) only to the oxygen atoms of water molecules. After energy-minimization for 4000 steps and 4 ps heating to 295 K, each simulated system was equilibrated for 500 ps with harmonic restraints applied to all DNA atoms under NPT ensemble conditions using Nosé-Andersen Langevin piston pressure control (42, 43) . Subsequently, with restraints turned off, each system was subjected to 2 ns equilibration under NVT ensemble conditions. Finally, steered molecular dynamics (SMD) simulations were carried out in the NVT ensemble. Table 1 lists all such simulations carried out in this study.
For each system, we separated DNA strands in two different modes, namely, in zipper geometry and shear geometry. In zipper geometry, a 3 0 -end of DNA was fixed and a 5 0 -end was pulled by attaching a harmonic spring to the terminal O3 and pulling the other end of the spring at a constant velocity of 1 Å /ns. Two independent SMD simulations in zipper geometry were conducted for each DNA. For shear geometry, six independent SMD simulations were performed, in which a 5 0 -end of DNA was fixed, and the other 5 0 -end was pulled at 1 Å /ns.
RESULTS
Molecular force assay measurements
MFA is a sensitive method to experimentally characterize the unbinding forces of interacting molecules such as DNA-protein interactions or DNA strand separation. Thermal fluctuations of the force sensor limit typically the sensitivity of single-molecule force techniques (e.g., in the case of AFM, optical tweezers or magnetic tweezers) and shrinking of the sensor helps to increase the sensitivity (44) . Following this idea, the MFA is designed so that a single molecular bond is utilized as a force sensor, in our case the bonding between the strands of a DNA duplex (the reference duplex). Actually, MFA measurement directly compares the mechanical stability of two DNA duplexes, a target and a reference duplex, against each other like a scale that balances a target weight against a reference weight. Due to the highly parallel format of the assay, MFA permits the examination of different sequences under the same experimental (solvent, force actuator, etc.) conditions in a single experiment, which is crucial for the value of the results. At the molecular level, MFA consists of molecular force probes (MFPs) that are anchored in parallel on a glass slide with a density of~10 4 MFPs per mm 2 . Each MFP itself is composed of a target duplex 1 , 2 and a reference duplex 2 , 3 that are coupled in series and connected between a glass slide (lower surface) and a PDMS stamp (top surface) (see Materials and Methods). The target DNA duplex is 20-bp long and contains zero (nDNA), one (hmC-1-DNA), or three (hmC-3-DNA) 5-hydroxymethylcytosines (hmC) per strand, while the reference duplex is the same for all three different MFPs. Depending on the attachment points of the modifications on each DNA strand, the MFP is built up either in a zipper (Fig. 1 a) or in a shear geometry (Fig. 1 b) . The different MFPs are immobilized as well separated spots on the glass substrate and probed with a single PDMS stamp all at once.
In the measurement process, the PDMS stamp is moved away from the chip at a speed of 5 mm/s. The polymeric anchors of the DNA strands are stretched and a force builds up gradually in each MFP until either the target duplex or the reference duplex ruptures. After complete separation of PDMS stamp and chip, the chip is read out via fluorescence microscopy: if bond 2 , 3 ruptures, the Cy5 dye is still on the lower surface (chip) and contributes to the F A A signal; if bond 1 , 2 ruptures, Cy5 is on the PDMS stamp and is not contributing to F A A , because the fluorescence is only read out on the lower surface. From the analysis of the fluorescence images pixel-by-pixel, one obtains an image of normalized fluorescence (NF). The NF is defined as the ratio of broken reference bonds to the total amount of MFPs that have been under load. Accordingly, the NF is a measure for the relative mechanical stability between the target and the reference duplex. A higher NF denotes an increased mechanical stability of the target duplex over that of the reference duplex.
Representative results for a typical experiment in zipper and shear geometry are shown in Fig. 2 . The Gaussian fits of the histograms of the NF-images result in the following mean values and standard deviations:
For zipper geometry (Fig. 2 a) The difference in NF reflects a quantitative measure for a difference in mean rupture force between nDNA, hmC-1-DNA and hmC-3-DNA. The width of the histograms does not necessarily reflect the width of the force distribution, because the width is influenced by the exposure time of the fluorescence images and the coupling efficiency. Typically, the coupling efficiency was~15-20% lower for zipper than for shear geometry. This might be due to steric conformation differences of the MFPs in zipper and shear geometry, which might influence the accessibility of the biotin on strand 3 to the streptavidin on the PDMS stamp.
Summarizing all pads of all experiments, we determined the following mean values and standard errors:
For zipper geometry (Fig. 3 a) , NF(nDNA zip ) ¼ (0.504 5 0.002); NF(hmC-1-DNA zip ) ¼ (0.521 5 0.004); and NF(hmC-3-DNA zip ) ¼ (0.538 5 0.003).
For shear geometry (Fig. 3 In zipper geometry, the P-value between nDNA and hmC-1-DNA is 8 Â 10 À4 , and for nDNA and hmC-3-DNA it is In contrast to the case of zipper geometry, hmC-1-DNA shows a lower and hmC-3-DNA a higher mean rupture force compared to nDNA. This effect was also observed for 5-methylated CpG steps, but the hydroxymethylated DNA exhibits an even more enhanced effect on the mechanical stability than does methylated DNA, namely a stronger destabilization for hmC-1-DNA than mC-1-DNA and an increased stabilization for hmC-3-DNA than mC-3-DNA in shear geometry.
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2 Â 10 À8 . In the case of shear geometry, the P-value between nDNA and hmC-1-DNA is 7 Â 10
À13
, and for nDNA and hmC-3-DNA it is 1 Â 10 À17 . Clearly, the MFA experiments prove a significant influence of hydroxymethylcytosine on the mechanical properties of DNA. The strength of the influence on the mechanical stability depends on the direction of the applied force (zipper versus shear geometry). In zipper geometry, we found that the mechanical stability increases with the number of hmC bases. In shear geometry, hmC-1-DNA exhibits a lower mechanical stability than nDNA, and hmC-3-DNA exhibits a higher stability. Our results indicate that cytosine hydroxymethylation of DNA can both enhance and decrease the propensity for strand separation. All reported cases show a significant change in mechanical stability of the DNA.
Molecular dynamics simulations
In order to demonstrate, at the atomic level, how hydroxymethylation affects DNA strand separation, SMD simulations were performed to stretch DNA with the same sequence and hydroxymethylation patterns as used in experiments.
When dsDNA is stretched in zipper geometry, the DNA helix unwinds and the basepairs break one by one, forming eventually two extended single-stranded DNA molecules, as shown in Fig. 4 a. A movie (see Movie S1 in the Supporting Material) showing the dynamics of unzipping DNA is provided. The rupture force of separating DNA in zipper geometry mainly arises from three aspects: (1) Unwinding of the DNA helix; (2) Breaking of hydrogen bonds between basepairs; (3) Extending of the singlestranded DNA. Fig. 4 b shows a typical force profile of unzipping DNA, which contains many small force peaks. During stretching, the number of DNA basepairs decreases one-by-one. Fig. S1 in the Supporting Material shows the time-evolution of force and number of still intact basepairs in six unzipping simulations. In all unzipping simulations, the frequency of appearance of force peaks is close to the frequency of basepair breaking, indicating that almost every basepair breaking event gives rise to a small force peak. After averaging all force values over time (each data point is obtained from two independent SMD simulations), we obtained mean rupture forces for nDNA, hmC-1-DNA, and hmC-3-DNA, as shown in Fig. 4 c. Consistent with MFA results, hmC-3-DNA exhibits strongest mechanical stability and requires the strongest rupture force (~62 pN) in comparison with nDNA (~53 pN) and hmC-1-DNA (~53 pN). A difference between hmC-1-DNA and nDNA is not seen in simulations, probably due to small sampling. It is notable that the error bar of the mean rupture force of hmC-3-DNA is smaller than the error bars of hmC-1-DNA and nDNA, indicating that hmC-3-DNA, indeed, is more stable than hmC-1-DNA and nDNA. Histogram of the mean rupture force of separating DNA strands in zipper geometry. In comparison to hmC-1-DNA and nDNA, rupturing hmC-3-DNA requires the strongest force (~62 pN). Due to small sampling (only two independent simulations), the small difference observed between hmC-1-DNA and nDNA can be reconciled as a random event.
(d) Snapshots of dsDNA shearing from a steered molecular dynamics simulation (simulation D1). The bottom 5 0 -end (highlighted in green) of the DNA strands is subject to constraint force and the top 5 0 -end (highlighted also in green) is stretched. (e) Typical force profile (blue) of dsDNA shearing and the corresponding time evolution of the number of still intact basepairs (red) (simulation F1). (f) Histogram of mean rupture force of separating DNA strands in shear geometry. Consistent with experimental results, the order of the mean rupture force, F, is hydroxymethylation-dependent: F hmC-3-DNA > F nDNA > F hmC-1-DNA . Sampling involved six independent simulations for each DNA.
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Different from the case of unzipping DNA, stretching dsDNA in shear geometry causes DNA strand separation in two steps (an example is shown in Movie S2):
In the first step, DNA elongates and unwinds as can be seen in the 30-ns and 60-ns snapshots in Fig. 4 d. In the meantime, DNA Watson-Crick basepairs begin to break and bases of the two separate strands begin to stack on top of each other, forming the so-called zipperlike DNA (45) , as seen in the 90-ns snapshot in Fig. 4 d. The force increases slowly during the first step (see Fig. 4 e) .
In the second step, the acting force increases rapidly. When the pulling force reaches a certain peak value, the two strands of DNA separate (see the 115 ns snapshot in Fig. 4 d) , after which moment the force drops very rapidly to zero, as seen in Fig. 4 e. Accordingly, a typical rupture force profile for shearing DNA (Fig. 4 e) exhibits a peak rupture force, reflecting the DNA stability against strand separation by shearing. Fig. 4 f shows the mean peak rupture force of nDNA, hmC-1-DNA, and hmC-3-DNA (each obtained from six independent SMD simulations); hmC-3-DNA requires the strongest rupture force for strand separation; the mean peak force of nDNA is stronger than that of hmC-1-DNA, which is also consistent with MFA results. However, we note that the error bar for the peak force of hmC-1-DNA is very large.
To understand why different DNAs exhibit different peak rupture forces, we compared the conformation of DNA at the moment when its rupture force reaches the peak value, as shown in Fig. S2 . In general, hmC-3-DNA assumes a more ordered DNA form with intercalated bases (fewer bubbles inside the DNA zipper and more compact ends) than do hmC-1-DNA and nDNA; hmC-1-DNA assumes the most disordered conformations, which reduces its mean peak rupture force. Similar to the findings in a previous study on effects of methylation on strand separation of methylated DNA (32) , hydroxymethylation also affects bubble formation during DNA stretching, which controls the propensity for strand separation.
DISCUSSION
We demonstrated in a previous study that methylcytosine might exert a biological function by itself, through influencing the mechanical stability of the DNA double helix (32) . It was shown that the propensity of DNA strand separation is changed upon methylation of CpG, which might have a biological effect, possibly on transcription machinery or helicases (32) . Because methylcytosine (mC) can alter, in a pronounced fashion, the mechanical properties of DNA, the question arises whether hydroxymethylation can also change the mechanical properties of DNA.
In the MFA experiments reported here, the relative stability of a target DNA duplex is measured against a reference DNA duplex. The MFA experiments were conducted in shear and zipper geometry. It should be noted that during forced strand separation in the MFA, individual basepairs in zipper geometry may unbind and rebind driven by thermal fluctuations, averaging out the well pronounced peaks resolved in the much faster MD simulations. In the case of shear geometry, we found that hmC-3-DNA is more stable compared to nDNA, and hmC-1-DNA is less stable compared to nDNA, as reflected by respective differences in NF values of 0.155 and 0.105, respectively. This means that the probability of strand separation is lower for hmC-3-DNA and higher for hmC-1-DNA than for nDNA. In zipper geometry, the relative stability for both hmC-1-DNA and hmC-3-DNA are higher than for nDNA, as reflected in NF value differences of 0.017 and 0.034, respectively. Because the experiments with hmC-3-DNA, hmC-1-DNA, and nDNA were conducted in parallel, with spatially separated spots in the same well, their measurement conditions were identical. Hence, the measured differences in the strand separation probability among hmC-3-DNA, hmC-1-DNA, and nDNA in zipper and shear geometry are highly reliable. The effect of hydroxymethylation on the mechanical stability is more pronounced in shear than in zipper geometry (by a factor of 5).
Consistent with MFA results, SMD simulations of stretching DNA in zipper and shear geometry showed that hydroxymethylation indeed affects the stability of DNA. Simulations demonstrated at the atomic level the DNA strand separation pathways, explaining why the effect of hydroxymethylation on DNA stability is dependent on pulling fashions. Stretched in zipper geometry, DNA basepairs break one-by-one. Hence, unzipping DNA mainly measures the strength of single basepairs. As observed in simulations, hmCG basepairs are relatively more stable than CG basepairs during unzipping and, therefore, the more hmCG basepairs are contained in DNA, the more stable the DNA. When DNA is stretched in shear geometry, the B-form double helix unwinds, followed by breaking of Watson-Crick basepairs, and bases from two strands slip past each other and intercalate. With an increase of shearing force, bubbles accumulating in this DNA begin to form and, when they reach a critical concentration, strand separation occurs. Observed from MD simulations, hydroxymethylation seems to change the likelihood of DNA strand separation by affecting bubble formation during stretching. Shearing DNA measures the stability of the entire DNA duplex and, therefore, not only the number of hmC, but also the context and position of hmC, influence the stability of DNA.
MD simulations provide a microscopic picture of DNA strand separation that complements MFA measurements. However, different from MFA experiments that conduct millions of independent measurements at one time, SMD simulations can only be performed with fast pulling and small sampling on a very few dsDNA specimens, due to limitation of computational resources. The pulling velocity employed in our SMD simulation is 1 Å /ns, much faster than the experimental pulling velocity of 5 Â 10 À5 Å /ns.
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Despite the very fast pulling, the total simulation time of our study still involves~3 ms, requiring three months of computation on 720 CPUs. The fast pulling velocity increases the rupture force for strand separation as more bonds are broken in a short time. Despite the fast rupture, the actual rupture pathway seen in the MFA experiments should still be revealed by SMD simulations (46, 47) . In the case of rupturing DNA, we observed the same strand separation pathway as reported by prior SMD studies (48) (49) (50) and DNA forceextension curves show the same shape as obtained from experiments (except magnitude) (51, 52) . Hence, effects of hydroxymethylation on strand separation observed in MD simulations should offer a reliable explanation of the experimental data.
In a previous study, we investigated the influence of mC on the mechanical stability of DNA strand separation (32) . Because we use in this study the same DNA sequence and same cytosine position for hydroxymethylation as we used for methylation before, it is possible to compare the effects of hmC with mC. First of all, the tendencies to stabilize and destabilize DNA in shear and zipper geometry are the same: hmC-1-DNA destabilizes the DNA in shear geometry like mC-1-DNA, while hmC-3-DNA and mC-3-DNA stabilize the DNA in shear geometry. In zipper geometry, hmC-1-DNA and hmC-3-DNA as well as mC-1-DNA and mC-3-DNA stabilize the DNA. For mC-1-DNA, NF was DNF ¼ 0.063 lower and for mC-3-DNA it was DNF ¼ 0.104 higher than for nDNA (32) . Therefore, the relative difference ((DNF (hmC-1-DNA)-DNF (mC-1-DNA))/ DNF(mC-1-DNA)) is~70% and for hmC-3-DNA it is 50%, i.e., we observe qualitatively the same stabilization and destabilization for hmC as for mC. Previously, we had found that the effect of cytosine methylation does not only depend on the methylation level, but also on the sequence context of methylated sites. Because we observed the same effects in stabilization and destabilization for hmC as for mC, we assume a comparable environmental effect exists for hmC as for mC.
The changes of hydroxymethylation and methylation effects as seen typically in thermal stability measurements are subtle in comparison to the pronounced differences in mechanical stability, which arise from methylation and hydroxymethylation (22) . This prompts the question if the effect reported here and in Severin et al. (32) has a biological function. On the one hand, processes like the mechanical manipulation of DNA in transcription initiation or the processivity of helicases exert forces on DNA to separate the DNA duplex into two single strands. On the other hand, these processes can also be influenced, e.g., in regard to the rate or processivity, through the mechanical stability of the DNA double strand (53) (54) (55) .
The direction of force, which acts in vivo on the DNA double helix to separate the two DNA strands, depends on the molecular machinery. For DNA helicases, a DNA unzipping geometry might be more representative (55) . The mechanical manipulation of DNA in transcription initiation happens in the confined setting of highly structured polynucleosomes. Hence, the shear geometry motion, which takes place more or less within the volume of nonstretched DNA, is relevant in the rather compact, structured polynucleosome setting found in the cell nucleus. Our measurements and simulations of DNA stretching in shear and zipper geometry should cover the different force directions that actually arise in the cell. Our findings might also be relevant to explain a chromosomal level role of methylation and hydroxymethylation on noncoding DNA (6) .
In summary, we demonstrated through experiment and simulation a pronounced effect of hydroxymethylation on the propensity of DNA strand separation. Even though we identified this effect, we could not uncover fully the associated molecular mechanism. Therefore, further investigations are needed. The effect of hydroxymethylation exceeds in strength what was previously demonstrated for the effect of methylation. Our study reveals that hydroxymethylation could regulate gene expression through altering mechanical properties of DNA.
SUPPORTING MATERIAL
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